Abstract: We experimentally demonstrate the first ultrafast graphene modulator by exploiting Zeno coupling effects in a graphene-on-silicon-nitride ring resonator. Graphene has attracted a great deal of attention as a future material for ultra-high-speed optoelectronics because of its extremely high carrier mobility and unique optical properties [1] . Integrated graphene electro-optic modulators [2] [3] [4] [5] , particularly, promise speeds far exceeding silicon-based devices and can potentially operate on wavelengths from the visible to far-infrared.
Graphene has attracted a great deal of attention as a future material for ultra-high-speed optoelectronics because of its extremely high carrier mobility and unique optical properties [1] . Integrated graphene electro-optic modulators [2] [3] [4] [5] , particularly, promise speeds far exceeding silicon-based devices and can potentially operate on wavelengths from the visible to far-infrared.
Thus far, however, graphene modulators have not exceeded speeds of around 1 GHz, primarily because of the inherently large capacitance needed to achieve reasonable swing voltage and modulation depth. Present modulators are generally based on electroabsorption in a graphene sheet integrated along a straight waveguide. An applied voltage between a doped silicon waveguide and graphene or between two sheets of graphene separated by a gate dielectric changes the Fermi level of the graphene and gates its absorption via Pauli blocking [6] . Problematically, modulation of 1550 nm light requires a large change in Fermi level and long interaction length, so these capacitors are very large, limiting the electrical bandwidth of the device far below any limitation imposed by carrier transit time. While capacitance can be decreased by increasing the thickness of the gate oxide, the lower capacitance requires a higher applied voltage for the same modulation depth, which quickly becomes prohibitive.
We overcome these speed/efficiency tradeoffs by exploiting the Zeno effect [7, 8] , in which increasing the loss in a coupled resonator increases the system transmission for fixed resonator-bus coupling. A resonator designed to be critically coupled, and thus low-transmission, for low losses will become undercoupled, and thus high-transmission, as intracavity losses are increased. We use a graphene-graphene capacitor to electrically control the cavity loss, analogously to quasi-DC work in graphene-clad photonic crystal cavities [9, 10] . This inverting, interference-based behavior is much more sensitive to changes in round-trip loss than simple electroabsorption modulation, leading to dramatically improved device performance. We demonstrate the Zeno effect in a graphene-integrated ring resonator fabricated from low-temperature PECVD silicon nitride, a low-loss and broadly transparent material that is suitable for integration on the CMOS backend or flexible substrates. While prior graphene modulators have used silicon waveguides, itself an electrically active material, silicon nitride is electrically passive, allowing us to separate the effects of the graphene from that of the underlying material. We design the waveguide, 1 μm wide by 300 nm thick, to be single-mode for TE light at 1550 nm. We pattern 40 μm radius rings with deep-UV lithography, deposit PECVD silicon oxide and planarize with CMP. We transfer and pattern two layers of single-layer CVD graphene separated by 65 nm of ALD alumina dielectric. Ti/Pd/Au contacts are deposited on each graphene layer by electron-beam evaporation and lift-off, and the entire structure is encapsulated with thin alumina and clad with PECVD silicon oxide.
The device shows an on-resonance DC transmission modulation of 15 dB over a 10 V change in applied voltage (Figure 2a) . At low voltages, the cavity is low-Q and undercoupled as graphene remains lightly doped and absorbing. At progressively higher voltages, the resonance increases in Q and becomes critically coupled. Unlike electro-refractive modulators, the resonance moves primarily vertically from changing round-trip loss, rather than on the wavelength axis from changing group index. Because of the purely capacitive device structure, our modulator has negligible leakage current and static power consumption.
RF measurements show an electro-optic bandwidth of 30 GHz, limited only by the RC circuit formed by the capacitor size, graphene sheet resistance, and graphene/metal contact resistance (Figure 2b) . To measure the bandwidth, we tune a laser into the center of the resonance under 0 V bias, then increase bias to -30 V and apply a -17 dBm RF signal with an electrical vector network analyzer. Photon lifetime in the ring resonator is negligibly low and does not affect the modulation bandwidth.
We confirm the device's high performance with the first demonstration of high-speed large-signal modulation in graphene (Figure 2b, inset) . A 2 7 -1 PRBS signal at 7.5 V pk-pk generates an open eye at 22 Gbps, limited primarily by cabling losses and the 20 GHz optical sampling module. 
